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EXPERIMENTAL INVESTIGATION OF THE EFFECTS OF VISCOSITY ON THE DRAG AND 
BASE PRESSURE OF BODIES OF REVOLUTION AT A MACH NUMBER OF 1.5 1 

By Dean R. Chapman and Edward W. Perkins 


SUMMARY 

Tests were conducted to determine the effects of viscosity on 
the drag and base 'pressure of various bodies of revolution at a 
Mach number of 1.5. The models were tested both with smooth 
surfaces and with roughness added to evaluate the effects of 
Reynolds number for both lamivar and turbulent boundary 
layers. The principal geometric variables investigated were 
afterbody shape and length-diameter ratio. For most models , 
force tests arid base pressure measurements were made over a 
range of Reynolds numbers , based on model length , from 
0.6X10* to 5.0X10 6 . Schlieren jihotographs were used to 
analyze the effects of viscosity on flow separation and shock- 
wave configuration near the base and to verify the condition of 
the boundary layer as deduced from force tests. The results 
are discussed and compared with theoretical calculations. 

The results show that viscosity effects are large and depend 
to a great degree on the body shape. The effects differ greatly 
for laminar and turbulent flow in the boundary layer , and 
within each regime depend upon the Reynolds number of the 
flow. Laminar flow was found up to a Reynolds number of 
6.5X10 * and may possibly exist to higher values. 

The flow over the afterbody and the shock-wave configuration 
near the base are shown to be very much different for laminar 
than for turbulent flow in the boundary layer. The base pressure 
on bodies with boattailing is much higher with the turbulent 
layer than with the laminar layer , resulting in a negative base 
drag in some cases. The total drag characteristics at a given 
Reynolds number are affected considerably by the transition to 
turbulent flow . The foredrag of bodies without boattailing and 
of boattailed bodies for which the effects of flow separation are 
negligible can be calculated with reasonable accuracy by adding 
the skin-friction drag based upon the assumj)tion of the low- 
speed friction characteristics to the theoretical wave drag. 

For laminar flow in the boundary layer the effects of varying 
the Reynolds number were found to be large , approximately 
doubling the base drag in many cases. The total drag of the 
bodies without boattailing varied about 20 percent over the 
Reynolds number range investigated. For turbulent flow in the 
boundary layer , however , variations in Reynolds number had 
only a small effect on base drag and total drag. 


INTRODUCTION 

The effects of viscosity on the aerodynamic character- 
istics of bodies moving at low subsonic speeds have been 
known for many years and have been evaluated by numer- 
ous investigators. The effects of viscosity at transonic 
speeds have been investigated to a limited extent, and sig- 
nificant effects on the flow over airfoils have been reported 
by Ackeret (reference 1) and Liepmann (reference 2). The 
relative thoroughness of these two investigations has fur- 
nished a good start toward a satisfactory evaluation and 
understanding of the effects of viscosity in transonic flow 
fields. However, little is known about viscous effects at 
supersonic speeds. 

The experiments reported in references 3, 4, and 5 have 
succeeded in evaluating the magnitude of the skin friction for 
supersonic flows in pipes and on rotating surfaces, but not for 
flow over a slender body or an airfoil. 2 * Refei'ence 6 contains 
a small amount of data on the effects of Reynolds number on 
the drag of a sphere and a circular cylinder; however, these 
data are not applicable to aerodynamic shapes which are 
practical for supersonic flight. 

It has been sometimes assumed that the effects of viscosity 
are small and need be considered only when determining the 
magnitude of skin friction. In reviewing past data for the 
effects of viscosity it was found that in many reports, such as 
references 7 and 8, the model size was not stated, thereby render- 
ing the calculation of Reynolds number and the evaluation 
of such tests quite difficult. Preliminary tests made during 
1945 in the Ames 1- by 3-foot supersonic wind tunnel No. 1, 
which is a variable-pressure tunnel, showed a relatively 
large effect of Reynolds number on the drag of bodies of 
revolution. The results of this cursory investigation were 
not reported because the magnitude of support interference 
was not known and because certain inaccuracies in the 
balance measurements were known to exist in the data taken 
at low tunnel pressures. An investigation of wing-body 
interaction at supersonic speeds has been conducted subse- 
quently and the results presented in reference 9. Because of 
the support interference and the balance inaccuracies noted 
at low pressures the data presented therein on the effect of 


1 Supersedes NACA RM A7A31a, “Experimental Investigation of the Effects of Viscosity on the Drag of Bodies of Revolution at a Mach Number of 1.5” by Chapman, Dean R., and 
Perkins, Edward W., 1947. The principal results of various investigations conducted subsequent to 1947 which either pertain to or supplement the experiments described herein are indicated 
in footnotes. 

2 Subsequent to 1947 several investigations of skin friction have been conducted which indicate that at the supersonic Mach number of the present investigation the laminar and turbulent 

skin-friction coefficients for a flat plate are about 3- and 12-percent lower, respectively, than for low-speed flow at the same Reynolds number. 
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Reynolds number on the drag of smooth bodies are not suffi- 
ciently accurate throughout the range of Reynolds numbers 
for direct application to the conditions of free flight. 

Since the effects of viscosity were known to be relatively 
large at the outset of this investigation, the purpose of the 
present research was made twofold. The primary purpose 
was to develop an understanding of the mechanism by which 
viscosity alters the theoretical inviscid flow over bodies of 
revolution at supersonic speeds, and the secondary purpose 
was to determine the magnitude of these effects for the partic- 
ular bodies investigated. The experiments were conducted 
during 1946. 

APPARATUS AND TEST METHODS 

WIND TUNNEL AND INSTRUMENTATION 

A general description of the wind tunnel and the principal 
instrumentation used can be found in reference 9. Included 
therein is a description of the strain-gage balance system 
employed for measuring aerodynamic forces and the schlieren 
apparatus which forms an integral part of the wind-tunnel 
equipment. In order to obtain accurate data at low as well 
as high tunnel pressures, a more sensitive drag gage was used 
in the present investigation than in the investigation of 
reference 9; however, all other details of the balance system 
were the same. 

The tunnel total pressure, the static reference pressure in 
the test section, and the pressure in the air chamber of the 
balance housing were observed on a mercury manometer. 
Because the difference between the base pressure and the 
static reference pressure in the test section was ordinarily too 
small (only 0.5 cm. of mercury at low tunnel pressures) to be 
accurately read from a mercury manometer, a supplementary 
manometer using a fluid of lower specific gravity was em- 
ployed. Because of its lower vapor pressure and its property 
of releasing little or no dissolved air when exposed to very low 
pressures, dibutyl phthalate, having a specific gravity of 
approximately 1.05 at room temperatures, was used as an 
indicating fluid in this manometer instead of the conventional 
light manometer fluids such as water and alcohol. 



Figure 1 .— Principal body shapes investigated. 


MODELS AND SUPPORTS 

Photographs of the models, which were made of aluminum 
alloy, are shown in figures 1 and 2, and their dimensions are 
given in figure 3. Models 1, 2, and 3 were each formed of a 
10-caliber ogive nose followed by a short cylindrical section; 
they differ from one another only in the amount of boat- 
tailing. The shape of the ogive was not varied in this 
investigation because the flow over it is not affected appreci- 
ably by viscosity. Models 4, 5, and 6, which differ from 
from one another only in thickness ratio, were formed by 
parabolic arcs with the vertex at the position of maximum 
thickness. For convenience, some of the more important 
geometric properties of models 1 through 6 are listed in the 
following table : 


Model 

Frontal 

area 

A (sq in.) 

Nose 

half 

angle 

(deg) 

Length 

diameter 

ratio 

HD 

Base- 

area 

ratio 

Ab/A 

1 

1. 227 

18. 2 

7. 0 

1. 00 

2 

1. 227 

18. 2 

7. 0 

. 558 

3 

1. 227 

18. 2 

7. 0 

. 348 

4 

. 866 

11. 3 

8. 8 

. 191 

5 

1. 758 

15. 9 

6. 2 

. 186 

6_ 

3. 426 

21. 8 

4. 4 

. 187 



(a) Models used for boundary-layer tests and for comparison tests with other investigations. 
Figure 2.— Special-purpose models. 
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(b) Models used to evaluate effect of length-diameter ratio on base pressure. 
Figure 2— Concluded. 


In addition to the above-mentioned models, several other 
bodies were tested for certain specific purposes. Thus, mod- 
els 7 and 8 were made unusually long so that the skin friction 
would be a large portion of the measured drag, thereby ena- 
bling the condition of the boundary layer to be deduced 
from force tests. Various substitute ogives, shown in figure 
2 (a), were made interchangeable with the smooth ogive 
that is shown attached to the cylindrical afterbody of 
model 8. These ogives were provided with different types and 
amounts of roughness and could be tested either alone or 
with the long cylindrical afterbody attached. When the 
ogives were tested alone, a shroud of the same diameter as 
the ogive was used to replace the cylindrical afterbody. 
Model 9, a body with a conical nose, and model 10, a sphere 
of 1-inch diameter, were tested in order to compare the 
results of the present investigation with existing theoretical 
calculations and with the results of other experimental inves- 
tigations. Models 11, 12, 13, and 14 were constructed to 
determine the effects of the length-diameter ratio for a 
fixed shape of afterbody. In all cases when a smooth surface 
was desired, the models were polished before testing to 


r -R=io& 
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Model 9, l— 7.5 inches, D— 1.25 inches. 
Model 12, 1= 7.5 inches. Z)=1.50 inches. 
Model 13, / =9.0 inches, Z>=1.50 inches. 
Model 14, J=9.0 inches, Z>=:1.00 inches. 

(b) Models with cylindrical afterbodies. 
Figure 3. — Model dimensions. 


obtain a surface as free from scratches and machining marks 
as possible. 

The models were supported in two different ways: by a 
rear support and by a side support, as shown in figure 4. 
The rear support used in the majority of the cases consisted 
of a sting which supported the model and attached to the 
balance beam. A thin steel shroud enclosed the sting and 
thereby eliminated the aerodynamic tare forces. Use of the 
rear support allowed force data, base pressure data, and 
schlieren photographs to be taken simultaneously. The side 
support which attached to the lower side of the model con- 
sisted of a 6-percent-thick airfoil of straight-side segments 
and 7° semiwedge angle at the leading and trailing edges. 
The side support was used to determine the effects of the 
axial variation in test-section static pressure on base pressure, 
and, in conjunction with a dummy rear support, to evaluate 
the effects of support interference. 
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(a) Rear support. 

(b) Side support. 

Figure 4.— Typical model installations. 

TEST METHODS 

The tests were conducted at zero angle of attack in a 
fixed nozzle designed to provide a uniform Mach number of 
approximately 1.5 in the test section. For the positions 
occupied by the different models, the free-stream Mach 
number actually varied from 1.49 to 1.51. This is some- 
what lower than the Mach number of the tests reported in 
reference 9, which were conducted farther downstream in the 
test section. 

Before and after each run precautions were taken to test 
the pressure lines for leaks and the balance system for friction 
or zero shift. Each run was made by starting the tunnel at 
a low pressure, usually 3 pounds per square inch absolute, 
and taking data at different levels of tunnel stagnation 
pressure up to a maximum of 25 pounds per square inch 
absolute. Because of the lag in the manometer system, 
approximately 15 minutes at low pressures and 5 minutes 
at high pressures were allowed for conditions to come to 
equilibrium. The over-all variation in Reynolds number 
based on body length ranged from about 0.10X 10 6 to 9.4 X 10°. 
The specific humidity of the air usually was maintained 
below 0.0001 pound of water per pound of dry air, and in all 
cases was below 0.0003. 

In general, each body was tested with a polished surface 
and then later with roughness added to fix transition. As 
illustrated in figure 2 (a), several different methods of fixing 
transition on a body in a supersonic stream were tried. The 


usual carborundum method employed in subsonic research 
was not used because of the danger of blowing carborundum 
particles into the tunnel-drive compressors. The method 
finally adopted was to cement a ^-inch-wide band of par- 
ticles of table salt around the body. This method proved 
successful at all but the very low Reynolds numbers. On 
models 1, 2, 3, and 12, roughness was located % inch down- 
stream of the beginning of the cylindrical section. On 
models 4, 5, and 6 the roughness was placed 4.5 inches from 
the nose and on model 8, }g inch upstream of the beginning 
of the cylindrical afterbody. Models 7, 9, 10, 11, 13, and 14 
were tested in the smooth condition only. 

RESULTS 

REDUCTION OF DATA 

The force data included in this report have been reduced 
to the usual coefficient form through division by the product 
of the free-stream dynamic pressure and the frontal area of 
the body. In each case, conditions just ahead of the nose of 
a model are taken as the free-stream conditions. 

The measurements of the pressure on the base of each 
model are referred to free-stream static pressure and made 
dimensionless through division by the free-stream dynamic 
pressure. Thus, the base pressure coefficient is calculated 
from the equation 

F,=^ (1) 

< Z» 

where 

P 6 base pressure coefficient 

p f) pressure acting on the base 

free-stream static pressure 
q m free-stream dynamic pressure 

The dynamic pressure is calculated from the isen tropic 
relationships. A small experimentally determined cor- 
rection is applied for the loss in total pressure due to conden- 
sation of water vapor in the nozzle. The Reynolds number 
is based upon the body length and is calculated from the 
isentropic relationships using Sutherland's formula for the 
variation of viscosity with the temperature of the air. 

It is convenient to consider the force due to the base pres- 
sure as a separate component of the total drag. Accord- 
ingly, the base drag is referred to the frontal area and in coef- 


ficient 

form is given by 


C Db = — P„ ( 

where 


c Db 

base drag coefficient 

A.h 

area of base 

A 

frontal area of the body 


The foredrag is defined as the sum of all drag forces that 
act on the body surface forward of the base. Hence, the 
foredrag coefficient is given by 

C Dp —C D —C Db (3) 

where C D is the total drag coefficient and C Dp the foredrag 
coefficient. The concept of foredrag coefficient is useful for 
several reasons. It is the foredrag that is of direct impor- 
tance to the practical designer when the pressure acting on 
the base of a body is altered by a jet of gases from a power 
plant. Considering the foredrag as an independent compo- 
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Figure 5.- Axial variation of the static pressure in the test section of the M=1.5 nozzle. 
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(a) Uncorrected data. 

(b) Corrected data. 

Figure 6.— Comparison of the foredrag coefficient of model 9 with and without corrections 
jmfa applied for the axial variation of the test-section static pressure. 


nent of (lie total drag greatly simplifies the drag analysis of a 
given body. Finally, the foredrag, as will be explained later, 
is not affected appreciably by interference of the rear supports 
used in the investigation. 

Since the nozzle calibration with no model present showed 
that the static pressure along the axis of the test section was 
not constant (fig. 5), the measured coefficients have been cor- 
rected for the increment of drag or pressure resulting from 
t he axial pressure gradient. A detailed discussion of this cor- 
rection is presented in appendix A, and the experimental 
justification is shown in figures 6 and 7. 



(a) Uncorrected data. 

(b) Corrected data. 

Figure 7.— Comparison of base pressure coefficients of model 1 measured at various positions 
along the tunnel axis, with and without corrections applied for the variation of test-section 
static pressure. 


PRECISION 

The table which follows lists the total uncertainty that 
would be introduced into each coefficient in the majority of 
the results if all of the possible errors that are known to 
exist in the measurement of the forces and pressures and the 
determination of free-stream Mach number and gradient cor- 
rections were to accumulate. Actually the errors may be 
expected to be partially compensating, so the probable inac- 
curacy is about half that given in the table. The sources and 
estimated magnitudes of the probable errors involved are con- 
sidered at greater length in appendix B. The values in 
the following table are for the lowest and highest tunnel pres- 
sures and vary linearly in between. The table does not ap- 
ply to data that are presented in figures 9 (b), 13, and 14. 
It also does not apply to models 4, 5, and 6 in figures 23 (a) 
and 29 (a) where the possible variation in the balance cali- 
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bration constant may increase the limits of error as discus- 
sed in appendix B. 


Coefficient 

Maximum value of 
error at lowest pressure 

Maximum value of 
error at highest pressure 

Total drag 

Foredrag _ _ _ 

Base pressure _ _ _ _ 

Base drag _ _ 

± (2. 4 % plus 0. 004) _ _ 
± (1. 6 % plus 0. 004) 

± (1. 6 f f plus 0. 005) _ _ 
± [0. 8 % plus 0. 005 
(A b /A) ] 

± (1. 1 % plus 0. 004) 
±(0. 6% plus 0. 004) 
±(0. 5% plus 0. 005) 
±[0.5% plus 0.005 
{At! A)] 



EFFECTS OF SUPPORT INTERFERENCE 

Previous to the present investigation an extensive series 
of tests was conducted to determine the body shape and 
support combinations necessary to eliminate or evaluate 
the support interference. Based upon the results obtained, 
a summary of which appears in appendix C, it is believed 
that all the drag data presented herein for the models tested 
in the smooth condition are free from support interference 
effects with the exception of the data shown in figure 27. 
Also, for the models tested with roughness, the foredrag data 
are free from interference effects. However, an uncer- 
tainty in the base pressure coefficient exists which may 
vary from a minimum of ±0.005 to a maximum of ±0.015 
for the different bodies. As a result, the base drag coeffi- 
cients and total drag coefficients for the same test conditions 
are subject to a corresponding small uncertainty. 

THEORETICAL CALCULATIONS 

Although at present no theoretical method is available 
for calculating the base pressure and hence the total drag of 
a body, several methods are available which provide an 
excellent theoretical standard to which the experimental 
measurements of foredrag can he compared. In this report 
the theoretical foredrag is considered to be the sum of the 
theoretical wave drag for an inviscid flow and the incom- 
pressible skin-friction drag corresponding to the type of 
boundary layer that exists on the body. 

A typical pressure distribution for the theoretical inviscid 
flow over one of the boattailed bodies tested in this inves- 
tigation is shown in figure 8. For purposes of comparison 
the pressure distribution as calculated by the linear theory 
of von Karman and Moore is included in this figure. 

The wave drag of the cone-cylinder bodies was obtained 
from the theoretical flow over cones (references 10 and ll). 3 
The wave drag for the ogive-cylinder bodies was calculated 
by the method of characteristics for rotationally symmetric 
supersonic flow as given in references 12 and 13. In accord- 
ance with the theoretical results of reference 14, the fluid 
rotation produced by the very small curvature of the head 
shock wave was neglected. For moderate supersonic Mach 
numbers this procedure is justified experimentally in refer- 
ence 8, where the theoretical calculation using the method 
of characteristics as presented in reference 12 are shown to 
be in excellent agreement with the measured pressure dis- 
tributions for ogives with cylindrical afterbodies. 



Figure 8.— Typical pressure distribution for a boattailed body at 1.5 Mach number. 


An estimation of the skin-friction drag in any given case 
requires a knowledge of the condition of the boundary layer. 
The method used herein for laminar flow is as follows: 


Co,~C,,JA,IA) (4) 

where 

C Dj skin-friction drag coefficient for the model at the 
Reynolds number, Re, based on the full length of 
the model 

Cf lam low-speed skin-friction coefficient for laminar 
boundary-layer flow over a flat plate at Re 
A P wetted area of the model forward of the base 

A frontal area of the model 

For the models with roughness added it is assumed that the 
disturbance of the boundary layer resulting from the salt band 
was sufficient to cause transition to a turbulent boundary 
layer to occur at the band. The skin-friction drag is estima- 
ted by means of the equation 


where 
n ' 

f lam 


A 


la m 


V n , — ( 





( 5 ) 


low-speed skin-friction coefficient for laminar 
boundary-layer flow at the effective Reynolds 
number, Re' , based on the length of the model 
from the nose to the point where the salt band 
was added 

wetted area of that portion of the model forward of 
the salt band 


3 In the original publication of the present investigation (1947) numerical values for the wave drag of the cones were based on the graphs of references 10 and 11. For the present report, 
however, slightly different numerical values are used which are based on more recent tabulated values of the surface pressure on cones in supersonic flow. 
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(\ tnrh low-speed skin-friction coefficient for turbulent 

boundary-layer flow over flat plate at the Rey- 
nolds number Re, based on the full length of the 
model 

^f\ U rb low-speed skin-friction coefficient for turbulent 

boundary-layer flow at the effective Reynolds 
number Re' 

This method of calculation presumes that the fixed roughness 
was of such a nature as to cause the turbulent boundary- 
layer flow downstream of the point where the roughness was 
added to be the same as would have existed had the boundary- 
layer flow been turbulent all the way from the nose of the 
body. 

DISCUSSION 

FLOW CHARACTERISTICS 

Before analyzing the effects of viscosity on the drag of the 
bodies of revolution, it is convenient to consider qualitatively 
the effects on the general characteristics of the observed flow. 
In so doing it is advantageous to consider first the condition 
of the boundary layer characterized by whether it is laminar 
or turbulent and then the effect of variation in Reynolds 
number on flow separation for each type of boundary layer. 
Once the effects of the Reynolds number and the condition 
of the boundary layer on flow separation are known, the 
observed effects on the shock-wave configuration at the base 
of the model are easily explained. Likewise, once the effects 
on flow separation and shock-wave configuration are known, 
the resulting effects of viscosity on the foredrag, base drag, 
and total drag are easily understood. 

Condition of the boundary layer. — Since results observed 
at transonic speeds (references 1 and 2) have shown that the 
general flow pattern about a body depends to a marked degree- 
on the type of boundary layer present, it might be expected 
that the boundary -layer flow at supersonic speeds also may be 
of primary importance in determining the over-all aerody- 
namic characteristics of a body. Consequently, the deter- 
mination of the extent of the laminar boundary layer under 
normal test conditions is of fundamental importance. 

In an attempt to determine the highest Reynolds number 
at which laminar flow exists on models tested in this inves- 
tigation, a relatively long polished body (model 7) was tested 
from a low pressure up to the highest tunnel pressure obtain- 
able. In this case, the diameter of the shroud which enclosed 
the rear support sting was made the same as the diameter of 
the body. The foredrag measurements on this model are 
shown in figure 9 (a). Since the skin friction is a relatively 
large portion of the measured foredrag, the condition of the 
boundary layer can be deduced from these force tests. The 
data indicate that the boundary layer on this body was still 
laminar up to the highest obtainable Reynolds number of 
6.5X10 6 . The computed foredrag data used for comparison 
are obtained by adding a laminar or turbulent skin-friction 
coefficient based on low-speed characteristics to the experi- 
mental wave drag of the ogival nose. This latter is deter- 
mined by subtracting from the ogive foredrag coefficients 
the low-speed laminar skin-friction coefficients for the 
smooth ogive at the higher Reynolds numbers where the 
error, resulting from the assumption of the low-speed co- 
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Figure 9.— Variation of foredra? coefficient with Reynolds number for models with Ion? 
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efficients, is a small percent of the deduced wave drag. (The 
theoretical wave drag, based on the theoretical pressure dis- 
tribution from the method of characteristics, is approximately 
5 percent higher than the experimental wave drag.) Schlie- 
ren photographs from which the condition of the boundary 
layer may be observed are shown in figure 10. They confirm 
the previous finding by showing that transition does not 
occur on the body, but begins a short distance downstream 
from the base of the model, as indicated by arrow 1 in the 
photograph. 
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(a) Re = 3.7X10 6 . 



(b) Re =8.5X10'. 

Figure 10.— Schliercn photographs showing laminar flow over the cylindrical ftcrbody of 
model 7 at two values of the Reynolds number. Knife edge horizontal. 


A close examination of the photographs in figure 10 reveals 
that the beginning of transition (arrow 1) is located at the 
same point on the support shroud as the waves (arrows 2 and 
3) which originate from a disturbance of the boundary layer. 
It was found by measurements on the schlieren photographs 
that the point of origin of these waves coincided with the 
intersection of the shroud and the reflected how wave. This 
suggests that transition on the shroud is being brought about 
prematurely by the reflected bow waves. Additional evi- 
dence that this is not natural transition is obtained in noting 
from figure 10 that the point where transition begins does 
not move with a change in Reynolds number. If the model 
were longer than a critical length, which is about 11 inches 
for the conditions of the present tests, these reflected waves 
would strike the model somewhere on the afterbody and 
premature transition would be expected to affect the results. 
Figure 9 (b) shows the results of the measurements of fore- 
drag on a 16.7-inch body (model 8), which is considerably 
longer than the critical length. These force data confirm 
the above conjecture by clearly indicating a partially turbu- 
ent boundary layer on the body even at Reynolds numbers 


as low as 2X10°. The schlieren photographs of the flow 
over this body are presented in figure 11. It is seen that, in 
this case also, the transition to turbulent flow (arrow 1) is 
located at the same point as the waves (arrows 2 and 3) 
originating from the disturbance of the boundary layer by 
the reflected bow wave. Similary, an additional small wave 
(arrow 4) can be traced back to a disturbance of the boundary 
layer caused by a shock wave originating from an imperfect 
fit of the glass windows in the side walls. 



(a) Knife edge vertical. 



(b) Knife edge horizontal. 

Figure 11. -Schlieren photograph showing premature transition on the cylindrical afterbody 
of model 8. Reynolds number 9.35X10 6 . 


Although the maximum possible extent of laminar flow that 
may be expected on bodies of revolution cannot be deter- 
mined on the basis of the present tests because of this inter- 
ference from the reflected shock waves, the foregoing results 
show that, under the conditions of these tests, a laminar 
boundary layer exists over the entire surface of a smooth 
model about 11 inches long up to at least 6.5X10 6 Reynolds 
number. In comparison to the values normally encountered 
at subsonic speeds, a Reynolds number of 6.5 X10 6 at first 
appears to be somewhat high for maintenance of laminar 
flow over a body, unless the pressure decreases in the direction 
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of the flow over the entire length of the body. The pressure 
distribution over model 7, shown in figure 12, has been 
determined by superimposing the pressure distribution 
which exists along the axis of the nozzle with no model 
present upon the theoretical pressure distribution calculated 
for model 7 by the method of characteristics. The resulting 
pressure distribution shows that the pressure decreases 
considerably along the ogive, but actually increases slightly 
along the cylindrical afterbody. 
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Figure 12.— Theoretical pressure distribution over the surface of model 7 at zero angle of 
attack and 1.5 Mach number. 


An increase in the stability of the laminar boundary 
layer with an increase in Mach number has been indicated 
by the analysis of reference 15. With a given body shape, 
for which the pressure distribution changes with Mach 
number, an increase in stability with increasing Mach num- 
ber has also been indicated for subsonic flows by the results 
of references 6 and 16 as well as by the experimental data 
given for airfoils in reference 15. The theoretical work of 
Lees (reference 17), however, indicates that the Reynolds 
number for neutral stability of laminar flow over an insulated 
flat plate decreases with an increase in Mach number. 

It appears from the results of the present tests that any 
shock waves which originate from imperfections in the 
nozzle walls and disturb the boundary layer on a body can 
bring about transition prematurely. This may have some 
bearing on the results of the supersonic wind-tunnel tests 
conducted in the German wind tunnels at Kochel, since 
shock waves, ordinarily numbering about 15, are readily 
visible in various schlieren photographs. (See reference 
18, for example.) 

In order to cause the laminar boundary layer to become 
turbulent in the present investigation, an artifice such as 
adding roughness was necessary. In a supersonic stream, 
however, the addition of roughness to a body also increases 


the wave drag. The magnitude of the wave drag due to 
roughness was determined by testing with full diameter 
shrouding and no afterbody attached, first the smooth 
ogive, and then the ogives with various amounts and kinds 
of roughness added (fig. 2 (a)). The corresponding foredrag 
measurements are shown in figure 13. These data illustrate 
that little additional drag is attributable to roughness at the 
low Reynolds numbers where the boundary layer is rela- 
tively thick, but that an appreciable amount of wave drag 
is attributable to the roughness at the higher Reynolds 
numbers. For all subsequent results presented, the amount 
of drag caused by the artificial roughness has been sub- 
tracted from the measured data taken for the bodies tested 
with transition fixed. In order to calculate the amount of 
drag caused by the roughness for models of diameters 
different from the ogives tested, it was assumed that for 
any model the increment in drag coeffiicent attributable 
to the drag of the artificial roughness was inversely pro- 
portional to the diameter of the model at the station at 
which the roughness was applied. 

r - Roughness added 


-Shroud 




Reynolds number t Re, millions 


Figure 13— Variation of foredrag coefficient with Reynolds number of the ogives with 
varying degrees of roughness added. 


The foredrag measurements of model 8, which consists of 
a cylindrical afterbody with any one of the interchangeable 
ogives directly attached, are presented in figure 14. These 
data, from which the drag increment due to the added rough- 
ness has been subtracted as noted previously, show that the 
degree of roughness produced by sand blasting the surface 
of the ogive is insufficient to cause transition at low Reyn- 
olds numbers; whereas, the roughness produced by the %s- 
incli or the %-inch-wide salt band caused transition at all 
Reynolds numbers. 

A vivid illustration of the turbulent character of the 
boundary layer on those bodies with roughness added is 
given by the schlieren photographs in figure 15. The bound- 
ary layer is best seen in the photograph taken with the knife 
edge horizontal. A comparison of these photographs with 
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those of laminar boundary layers (fig. 10, for example) illus- 
trates how the condition of the boundary layer is apparent 
from schlieren photographs. 
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Figure 14. Variation of foredrag coefficient with Reynolds number for model 8 with various 
amounts of roughness. 




(a) Knife edge vertical. 


(b) Knife edge horizontal. 

Figure 15.— Schlieren photographs of model 8 with transition fixed. Reynolds number 

7.2X106. 


Flow Separation. -Changes in flow separation brought 
about by changing the boundary-layer flow from laminar 
to turbulent alter the effective shape of the body, the 
shock-wave configuration, and also the drag. It is there- 
fore essential to consider the effects on flow separation of 
both the condition of the boundary layer and the Reynolds 
number. 

The location and degree of separation of the laminar 
boundary layer for the boattailed bodies tested in the smooth 
condition varied noticeably with the Reynolds number of 
the flow. The schlieren photographs of model 6 in figure 16 
are typical of this effect. Additional photographs, presented 
in figure 17, illustrate the same phenomena in the flow over 
models 2.3, and 10, each at two different Reynolds numbers. 
In each case, as the Reynolds number of the (low is increased, 
the separation decreases, the convergence of the wake in- 
creases, and the trailing shock wave moves forward. 

Separation of an apparently laminar boundary layer at 
supersonic speeds has been pointed out previously by Ferri 
in reference 10 for the two-dimensional flow over the surface 
of curved airfoils. The schlieren photographs of Ferri indi- 
cated that a shock wave formed at the point of laminar 
separation. On the other hand, the schlieren pictures of 
the flow fields for the bodies of revolution tested in the 


present investigation, show no definite shock wave accom- 
panying separation except for the sphere (fig. 17) in which 
case the shock wave is very weak. It may be concluded, 
therefore, that a separation of the laminar boundary layer is 
not necessarily accompanied by a shock wave at supersonic 
speeds. The same conclusion for transonic flows has been 
drawn in reference 2. 

In order to analyze more closely the details of the flow 
separation, the pressure distribution along the streamline 
just outside of the separated boundary layer was calculated 
for several flow conditions over models 3 and 6. The cal- 
culations were made using the method of characteristics 
and by obtaining the contour of the streamline just outside 
the separated boundary layer from enlargements of the 
schlieren photographs. Typical results from these calcula- 
tions for model 3 are presented in figure 18. It is seen that 
the pressure on the outside of the boundary layer is approxi- 
mately constant downstream of the point of separation as is 
characteristic along the boundary of a dead-air region. 
The pressure along the line of separation can be expected to 
be approximately equal to that in the dead-air region, and 
hence, equal to the base pressure. A comparison of the cal- 
culated values of the average pressure in the dead-air region 
with the measured values of the base pressure for severa 
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conditions of flow over models 3 and 6 is given in the following 
table: 


Model 

Reynolds 

number 

Calculated 
pressure co- 
efficient of 
dead-air 
region 

Measured 

base 

pressure 

coefficient 

3 

0. 6X10" 

-0. 06 

-0. 06 

3 

2. 0X10« 

-. 11 

-. 12 

6 

. 6X 10" 

. 10 

-. 11 

6 

1. 5X 10" 

13 

-. 13 


The preceding results indicate that- under certain con- 
ditions the base pressure for laminar How over highly 
boattailed bodies is directly related to the separation 
phenomenon which occurs forward of the base. This sug- 
gests that, if a means can be found to control the separa- 
tion, the base pressure also can be controlled. 


The theoretical pressure distributions on models 4 and 5 
are similar to the pressure distribution on model 6, which is 
shown in figure 19. In each case the pressure in inviscid 
flow would decrease continually along the direction of flow 
upstream of the observed position of laminar separation. 
For subsonic flow this condition ordinarily would be termed 
favorable and separation would not be expected. Further 
research on this subject appears necessary in order to gain a 
satisfactory understanding of the observed results. 

The findings of previous investigations of low-speed flows 
indicate that if a boundary layer which is normally laminar 
over the afterbody is made turbulent by either natural or 
artificial means, the resistance to separation is increased 
greatly. The tests on models 2, 3, 4, 5, and 6 with roughness 
added show clearly that this is also the case in supersonic 
flows. The two schlieren photographs presented in figure 20 
were taken of model 6 with and without roughness added 
and are typical of this effect. A comparison of the two 


=0.1 58X10°. 


Pe = l.lX10 fl . /fc«1.4X10 J . 

Figure 16.— Schlieren photographs showing the effect of Reynolds number on laminar separation for model 6. Knife edge vertical. 
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/?e =0.79X10®. 


Model 2 


Re= 3.8X10® 




/fc=0.10X10®. Model 10 Re =0.45X10® 

Figure 17.— Schlieren photographs showing the effect of Reynolds number on laminar separation for models 2, 3 and 10. Knife edge vertical. 


photographs shows that, without roughness added, separation 
occurs near the point of maximum thickness, but if transition 
is fixed ahead of this point the separation point moves 
downstream close to the base. 

Shock- wave configuration. — It is to be expected that the 
changes in flow separation due to changes in the condition 
of the boundary layer and in the Reynolds number of the 
flow will bring about changes in the shock-wave configuration 
at the base of a body. The schlieren photographs of figures 
16 and 17, which show how the laminar separation decreases 
and the convergence of the wake increases as the Reynolds 
number is increased, also show that these phenomena are 
accompanied by a forward motion of the trailing shock wave. 
In general, as long as the boundary layer is laminar, the 
trailing shock wave moves forward as the Reynolds number 
increases, but no major change in the shock-wave configura- 
tion takes place. 


The shock-wave configuration on a boattailed body with 
a turbulent boundary layer, however, is very much different 
from the configuration with a laminar layer, as is illustrated 
by the schlieren photographs of model 6, shown in figure 20. 
Such configuration changes due to the transition to turbulent 
boundary-layer flow correlate quite well with the angle p that 
the tangent to the surface just ahead of the base makes with 
the axis of symmetry. Figure 21 shows the changes in shock- 
wave configuration for models 1 through 6 arranged in order 
of increasing angle p. It is seen that, on the boattailed 
bodies with a small angle P, the transition to a turbulent 
boundary layer is accompanied by the appearance of a weak 
shock wave originating at the base of the body (models 4 
and 2). For bodies with larger boattail angles (model 5) the 
strength of this wave, hereafter termed the “base shock 
wave,” increases until it is approximately as strong as the 
original trailing shock wave. For even larger boattail angles, 
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Figure 18.— Calculated pressure distribution for model 3 at a Reynolds number of 0.6X10®. 


Apparent points of laminar separation 
occur in this region as determined 
from Schlieren photographs in 
f igure 16 (Re ~0.6x/0 e to Re -1.4 x i0 6 J-y 




Figure 1 9.— Calculated pressure distribution on model 6. 



(a) Laminar boundary layer, /fr=0.87X10 6 . 



(b) Turbulent boundary layer, Re=Q .87X10®. 

Figure 20.— Schlieren photographs of model 6 illustrating the effect on flow separation of the 
condition of the boundary layer. 


the base shock wave becomes more distinct, and eventually 
is the only appreciable shock wave existing near the base of 
the body (models 3 and 6). 4 In such a case, the compression 
through the base shock wave occurs forward of the base. 
This, as will be shown later, greatly increases the base 
pressure and decreases the base drag. 

Compared to the phenomena observed with a laminar 
boundary layer (fig. 16), changes in the Reynolds number 
for a body with a turbulent boundary layer do not alter the 
shock-wave configuration to any significant extent, because 
the turbulent layer, even at low Reynolds numbers, ordi- 
narily does not separate. This fact is evident in figure 22, 
which shows the schlieren photographs of model 3 at different 
Reynolds numbers with roughness added. No apparent 
change in the flow characteristics takes place as the Reynolds 
number is increased. With a turbulent boundary layer, 


4 Subsequent experiments with turbulent flow on model 3 at higher Mach numbers have shown that the base shock wave also exists at a Mach number of 2.0, but virtually disappears at 
a Mach number of 3.0 and higher. 
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Model 1 
/?e=3.8X10* 
0 = 0 ° 


Model 4 
/?e= 4.0X10* 
0=8.55° 








Model 5 
Re = 2.7X10* 
0=12.13° 





Laminar 


Model 6 

/?e=l.lX10* 

0=16.75° 


Turbulent 


Figure 21.— Schlieren photographs showing the effect of turbulent boundary layer on shock-wave configuration at base of models 1, 2, 3, 4, 5 and G. 


Knife edge verticalj 
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therefore, the effect on base drag of varying the Reynolds 
number may be expected to be much less than with a laminar 
layer. 

ANALYSIS OF THE DRAG DATA 

The qualitative effects of viscosity on flow separation and 
on shock-wave configuration, which have been discussed in 
the preceding sections, provide the physical basis for under- 
standing the effects of varying the Reynolds number and 
changing the condition of the boundary layer on the drag 
coefficients of the various bodies tested. 

Foredrag.- — The foredrag coefficients of models 1 through 
6 with laminar flow in the boundary layer are shown in 
figure 23 (a) as a function of the Reynolds number. These 
data show that, over the Reynolds number range covered in 
the t ests, the foredrag of model 1 decreases about 20 percent, 
while that of model 6 increases about 15 percent. The 
foredrag of the other bodies does not change appreciably. 

The reason the effects of Reynolds number vary eonsid- 



/?e= 1.2X10®. 


erably with different body shapes is clearly illustrated by a 
comparison of the measured foredrags with the theoretical 
foredrags. In figure 24 (a) the theoretical and measured 
values of foredrag are compared for model 1, which has no 
boat tailing, and for model 3, which is typical of the boat- 
tailed models. From this comparison, it is seen that, as 
previously noted for other models without boat tailing, the 
theoretical and experimental foredrags for model 1 are in 
good agreement. The decrease in foredrag with increasing 
Reynolds number for the bodies without boat tailing is due 
entirely to the decrease in skin-friction coefficient. For 
model 3, which has considerable boat tailing, the curves of 
figure 24 (a) show that the theoretical and experimental 
foredrags agree only at high Reynolds numbers. At the 
low' Reynolds numbers tin* measured foredrags are lower 
than the theoretical values because of the separation of the 
laminar boundary layer as previously illustrated by the 
schlieren photographs in figures 16 and 17. With sep- 




Ke = 2.6X10®. 



7?£ =3.9X10®. /?e=5.1X10®. 


Figure 22— Schlioren photographs showing the absence of any effect of Reynolds number on the flow over the afterbody of modol 3 with roughness added. Knife edge vertical. 
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aration, the flow over the boattail does not follow the con- 
tour of the body, and the pressure in the accompanying 
dead-air region is higher than it would be if the separation 
did not occur (fig. 18). This makes the actual foredrag 
lower than the theoretical value for a flow without separation. 
At the higher Reynolds numbers, the separation is negli- 
gible and the flow closely follows the contour of the body; 
hence, the theoretical and experimental foredrags agree. 
The reason for the approximately constant foredrag of 
models 2, 3, 4, and 5, therefore, is that the changes due to skin 
friction and flow separation are compensating. For model 
6 with a smooth surface, the foredrag shown in figure 23 (a) 
rises rather rapidly at low Reynolds numbers because the 
separation effects for this relatively thick body (fig. 16) 
more than compensate for the changes in skin friction due 
to the variation of the Reynolds number. 

Figure 23 (b), which shows the foredrag coefficients of 
model 1 through 6 with roughness added, indicates that the 
foredrag for all the bodies decreases as the Reynolds num- 
ber increases above a Reynolds number of 1.75X10°. 
This is to be expected, since with the change to turbulent 
boundary layer and consequent elimination of separation, 
the only factor remaining to influence the foredrag coeffi- 
cients is the decrease of skin-friction coefficients with in- 
crease in Reynolds number. Below a Reynolds number 
of 1.75X10°, however, the foredrag of all the models except 
model 1 increases with increasing Reynolds number. The 
cause of this somewhat puzzling behavior is apparent upon 
closer examination of the data. 

Figure 24 (b) shows a comparison of the theoretical fore- 


drags with the experimental values for models 1 and 3 with 
roughness added. The theoretical value for skin-friction 
drag was calculated assuming laminar flow up to the loca- 
tion of the roughness, and turbulent flow behind it. This 
value of drag was added to the theoretical wave drag to 
obtain the theoretical foredrag. It is seen from figure 24 
(b) that for model 1 the curves of theoretical and experi- 
mental foredrag have the previously indicated trend of de- 
creasing drag with increasing Reynolds number over the 
entire range. However, for model 3, which is typical of the 
boat tailed bodies, the measured foredrag at low Reynolds 
numbers falls considerably below the theoretical value in 
the manner previously noted. The reason for this is evi- 
dent from an examination of the schlieren photographs 
shown in figure 25, which were taken of the flow over models 
3 and 6 with roughness added. They show that at the low 
Reynolds numbers a flow separation similar to that observed 
for the smooth body (fig. 16) occurs, and the resulting shock- 
wave configuration is characteristic of the configuration for 
a laminar boundary layer rather than that for a turbulent 
boundary layer. It appears that, at the low Reynolds num- 
bers, the amount of roughness added does not cause transi- 
tion far enough upstream of the point for laminar separa- 
tion so that the free stream can provide the boundary layer 
with the necessary additional momentum to prevent separa- 
tion. The portions of the drag curves in which the desired 
transition was not realized are shown dotted over the region 
in which separation was apparent from the schlieren pictures. 
For model 1, the schlieren photographs showed that at the 
low Reynolds numbers the amount of roughness added was 



Figure 23.— Variation of foredrag coefficient for models 1, 2, 3, 4, 5 and 6 in the smooth condition and with roughness added. 
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(b) Roughness added. 


Figure 24. — Comparison of theoretical and experimental foredrag coefficients for models 1 

and 3. 



(a) Model 3. 7?*=0.5SX10«. 



(b) Model 6, Re =0.62X106. 


Figure 25. — Schlieren photographs at low Reynolds numbers of models 3 and 6 with rough- 
ness added. Knife edge vertical. 


sufficient to effect transition some distance ahead of the base, 
although not immediately aft of the roughness. 

The agreement between the experimental and the theo- 
retical results obtained by the use of equations (4) and (5) 
indicates that, at a Mach number of 1.5 and in the range of 
Reynolds numbers covered by this investigation, the famil- 
iar low-speed skin-friction coefficients can be used with fail- 
approximation to estimate drag due to skin friction at 
supersonic speeds. 

A comparison of the curves of figures 23 (a) and 23 (b) 
shows that for a given body at a given value of the Reynolds 
number the foredrag with roughness added is consistently 
higher than the corresponding foredrag of the smooth-sur- 
faced body. In the general case, this over-all increase in fore- 
drag is attributable both to the increase in the skin-friction 
drag of the body and to the change in flow separation with 
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Figure 26. — Variation of base-pressure coefficient with Reynolds number for models 1, 2. 3, 4, 5 and 6 in the smooth condition and with roughness added. 


consequent increase in the pressure drag of the boattail. For 
model 1, which lias no boattailing, the increase in skin friction 
is the sole factor contributing to the increase in foredrag. 

Base pressure and base drag. — Figure 26 (a) shows the 
base pressure coefficients plotted as a function of the Reynolds 
number for models 1 through 6, each with a smooth surface. 
It is evident from the data in this figure that the effects of 
Reynolds number on base pressure for a body with a laminar 
boundary layer are quite large. In the range of Reynolds 
numbers covered, the base pressure coefficient of model 1 in- 
creases about 60 percent, and the coefficients of models 2, 3, 
and 4 more than double. The thicker bodies with boattail- 
ing, models 5 and 6, do not exhibit such large changes in base 
pressure coefficient, for the coefficients apparently reach a 
maximum at a relatively low Reynolds number, and then 
decrease with further increase in the Reynolds number. 

The base pressure coefficients for models 1 through 6 with 
roughness added are shown in figure 26 (b). Here again, the 
portions of the curves which correspond to the low Reynolds 
number region wherein transition was not completely effected 
are shown as dotted lines. Model 1 exhibits the lowest base 
pressure and model 6 tin' highest; in this latter case the base 
pressure is even higher than the free-stream static pressure. 
The physical reason for this is evident from the schlieren 
photograph at the bottom of figure 20, which shows that a 
compression through the shock wave occurs just ahead of the 
base of model 6. Except for the large changes in pressure 


coefficient at low Reynolds numbers where the desired transi- 
tion was not effected, the variation of base pressure coefficient 
with Reynolds number is relatively small for the bodies with 
roughness added. 

From a comparison of the curves for the bodies with rough- 
ness added to the corresponding curves for the smooth-sur- 
faced bodies, it is evident that a large change in the base 
pressure coefficient is attributable to the change in the condi- 
tion of the boundary layer. In general, the base pressures 
for bodies with roughness added are considerably higher than 
the corresponding base pressures for the smooth-surfaced 
bodies. In the case of the boattailed bodies the physical 
reason for this increase in the base pressure is the appearance 
of the base shock wave, as shown in figure 21. For model 1, 
which has no boattailing, the mixing action and greater thick- 
ness of the turbulent boundary layer are probably responsible 
for the observed increase. 

The foregoing data show that the effects of Reynolds 
number and condition of the boundary layer on the base 
pressure of a body moving at supersonic speeds depend 
considerably upon the shape of the afterbody. In order to 
ascertain whether the effects of viscosity also depend upon 
the length-diameter ratio for a fixed shape of afterbody, 
some models of different length-diameter ratios were tested 
and the data presented in figures 27 (a) and 27 (b) which 
show the variation of base pressure coefficient with Reynolds 
number. The data presented in this figure are not free of 
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Figure 27 .— Variation of base-pressure coefficient with Reynolds number for bodies without boattailing but with different length-diameter ratios. 


support interference. From these data it is apparent that 
the effects of viscosity on the base pressure increase with 
the length-diameter ratio of the body. 5 It is to be noted 
that the base pressure increases as the length -diameter ratio 
increases. This is somewhat at variance with the results of 
reference 20, which showed an effect, but not a systematic 
one, of length-diameter ratio on the base pressure of bodies 
without boattailing. 

The base drag coefficient can be obtained from the base 
pressure coefficient of the models by using equation (2). 
The base drag coefficients for the smooth-surfaced bodies 
are presented in figure 28 (a) and for the bodies with rough- 
ness added in figure 28 (b). These curves arc, of course, 
similar to the corresponding curves of base pressure coeffi- 
cient given in figures 26 (a) and 26 (b). In this form the 
ordinates can be added directly to the foredrag coefficients 
of figure 23 to obtain the total drag coefficient of a given 
body. It is seen that the contribution of the base pressure 
to the total drag is very small for models with large amounts 
of boattailing, such as models 3, 4, 5, and 6. 

Total drag. —The total drag coefficients for models 1 
through 6 with smooth surfaces are shown in figure 29 (a) 
as a function of Reynolds number. These data show that 
the drag coefficients of both models 1 and 2 with a laminar 
boundary layer increase a little over 20 percent from the 
lowest to the highest value of Reynolds number obtained in 


the tests. The other models exhibit somewhat smaller 
changes. The data presented in figures 23 and 28 indicate 
that the principal effect controlling the variation of total 
drag with Reynolds number for laminar flow in the boundary 
layer is the effect of Reynolds number on the base drag of 
the bodies. For the special case of highly boattailed bodies, 
however, this effect is of little relative importance because 
the base drag is a small part of the total drag. In such 
cases, the over-all variation of drag coefficient is due almost 
entirely to the variation of foredrag with Reynolds number. 

Figure 29 (b) shows the total drag coefficients plotted 
as a function of the Reynolds number for models 1 through 
6 with roughness added. Again, the portions of the curves 
that are shown dotted represent the Reynolds number region 
in which the amount of roughness added is insufficient to 
cause complete transition. All the curves have approxi- 
mately the same trend, the over-all effect on the drag 
coefficients being about 15 percent or less for the various 
bodies. 

A comparison of the curves of total drag for bodies with 
roughness added to the corresponding curves for bodies 
with smooth surfaces shows an interesting phenomenon. 
At the higher Reynolds numbers the drag of models 1 and 6 
is actually decreased slightly by the addition of roughness, 
in spite of the corresponding increase in skin-friction drag. 
The reason is, of course, that the base drags are very much 


5 Similar experiments conducted at a Mach number of 2.0 have shown the same trend. Both sets of data show reasonable correlation with the ratio of boundary-layer thickness to 
base diameter. 
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Reynolds number , /?e, millions 


(a) Smooth condition. (b) Roughness added. 

FiciURE 2S. Variation of base-drag coefficient with Reynolds number for models 1, 2, .*1, 4, 5 and G in the smooth condition and wit h roughness added. 



Reynolds number. Re, millions 

(a) Smooth condition. (b) Roughness added. 

Figure 29. — Variation of total drag coefficient with Reynolds number for models 1, 2, 3, 4, 5 and 6 in the smooth condition and with roughness added. 
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lower for the turbulent boundary layer than for the laminar. 
The drag coefficients of the other bodies (models 2, 3, 4, 
and 5) are somewhat higher with roughness added, because 
the increase in friction drag of the turbulent boundary 
layer is greater than the decrease in base drag. 

The importance of always considering both the Reynolds 
number of the flow and condition of the boundary layer is 
illustrated by the total drag characteristics of model 2. For 
example, if model 2 were tested with a turbulent boundary 
layer at a Reynolds number of 2X10 6 , the drag would be 
about 35 percent higher than if tested with a laminar bound- 
ary layer at a Reynolds number of 0.5 X10 6 . Although dis- 
crepancies as large as these have not been reported as yet 
in the drag data from different supersonic wind tunnels, 
certain consistent differences, varying from about 5 to 25 
percent, have been reported (reference 18) in the drag data 
of similar projectiles tested in the Gottingen and the Kochel 
tunnels. Although in reference 18 the discrepancies between 
the two tunnels were attributed only to the variation in skin 
friction with Reynolds number, it appears from the results 
of the present investigation that such discrepancies are attrib- 
utable primarily to differences in flow separation and base 
pressure. 

A comparison of the effects of viscosity for pointed bodies 
with the effects for a blunt body shows clearly that body 
shape must be considered, and that conclusions about vis- 
cosity effects based upon tests of blunt bodies may be com- 
pletely inapplicable to the aerodynamic shapes which are 
suitable for supersonic flight. For example, in the case of a 
sphere at 1 .5 Mach number with an over-all Reynolds num- 
ber variation of from 7.5X10 4 to 9.0X10 5 , the agreement 
between the drag data from Gottingen (reference 7), Peene- 
munde (reference 18), and the present wind tunnel is within 
1 percent of the values measured for free-flight (references 
7 and 21). It is evident that the effects of viscosity on the 
drag of a sphere are quite different from the effects on the 
pointed bodies tested in this investigation. 

CONCLUSIONS 

The conclusions which follow apply for a Mach number of 
1 .5 and at Reynolds numbers based upon model length up to 
about 5X10 6 for bodies of revolution similar to the ones 
tested. 

1 . The effects of viscosity differ greatly for laminar and 
turbulent flow in the boundary layer, and within each regime 
depend upon the Reynolds number of the flow and the shape 
of the body. 

2. Laminar flow was found on the smooth bodies up to a 
Reynolds number of 6.5X10 6 and may possibly exist to 
considerably higher values. 

3. A comparison between the test results for laminar and 
for turbulent flow in the boundary layer at a fixed value of 
the Reynolds number shows that: 

(a) The resistance to separation with turbulent flow in 
the boundary layer is much greater. 


(b) The shock-wave configuration near the base of boat- 
tailed bodies is markedly different for the two types 
of boundary layer flow. 

(c) The foredrag coefficients with turbulent boundary 
layer ordinarily are higher. 

(d) The base pressure on boattailed bodies is much 
higher with the turbulent boundary layer. 

(e) The total drag is usually higher with the turbulent 

boundary layer. 

4. For laminar flow in the boundary layer the following 
effects were found: 

(a) The laminar boundary layer separates forward of 
the base on all boattailed bodies tested, and the 
position of separation varies noticeably with 
Reynolds number. Laminar separation is not nec- 
essarily accompanied by a shock wave originating 
from the point of separation. On many of the 
models the pressure in an inviscid flow would 
continually decrease in the direction of the flow 
upstream of the separation point. 

(b) The trailing shock wave moves forward slightly as 
the Reynolds number is increased, but no signif- 
icant change takes place in the shock-wave con- 
figuration near the base. 

(c) With increasing Reynolds numbers, the foredrag 
coefficients increase for highly boattailed bodies 
and decrease for bodies without boattailing. For 
moderately boattailed bodies the variation of the 
foredrag coefficient with Reynolds number is rel- 
atively small. 

(d) The base pressure changes markedly with Reynolds 
number. For bodies with the same afterbody 
shape, the base pressure also depends upon the 
length-diameter ratio of the body. 

(e) Total drag varies considerably with the Reynolds 
number, changing more than 20 percent for several of 
the models. 

5. For turbulent flow in the boundary the following 
effects were found: 

(a) Separation does not ordinarily occur upstream of 
the base except for highly boattailed bodies. 

(b) The shock-wave configuration near the base does 
not change noticeably as the Reynolds number 
changes. 

(c) The foredrag coefficients decrease slightly as the 
Reynolds number is increased. 

(d) The base pressure changes very little with changing 
Reynolds number. 

(e) The total drag decreases as the Reynolds number 
is increased. 

Ajvies Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 

Moffett Field, Calif., January 31, 1947. 
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APPENDIX A 


VARIATION OF TEST-SECTION STATIC PRESSURE 

Since the static pressure with no model present varied 
along the axis of the test section as shown in figure 5, it was 
necessary to apply a correction to the measured coefficients 
to account for the increment in drag or pressure resulting 
from this axial pressure gradient. Although the axial vari- 
ation of test-section static pressure is not monotonic, the 
pressures at the downstream end of the test section are 
uniformly lower than the pressures of the upstream end 
where the nose of a model is ordinarily placed. This means 
that the actual pressure exerted at a given point on a body is 
lower than it would be if the ambient pressure gradient were 
zero as it is in free flight. The gradient corrections are cal- 
culated on the assumption that the magnitude of the pressure 
exerted at an arbitrary point on the body in the tunnel is 
lower than it would be if no gradient were present by an 
increment equal to the amount which the static pressure 
decreases (with no model present) from the position of the 
model nose to the position of the arbitrary point. At the 
Mach number of the present tests it is not necessary to 
include the corresponding axial variation of dynamic pressure 
in the corrections since it varies only ±0.2 percent from the 
mean test-section value used in all calculations. The correc- 
tions to the measured coefficients of model 1 located 2.5 
inches downstream from the reference pressure orifice, for 
example, amount to ±0.012 in foredrag coefficient and 
— 0.02G in base-drag coefficient; the corresponding per- 
centages of the uncorrected coefficients of foredrag and base 
pressure are 12 and 15, respectively. 

Because the gradient correction is relatively large in the 
present tests an experimental justification of such theoretical 


corrections is in order. The validity of the corrections as 
applied to foredrag is confirmed by tests on model 9, which 
consists of a conical nose with a 20° included angle and a 
short cylindrical afterbody. The theoretical foredrag of this 
body, which is equal to the sum of the wave and friction drags 
can be easily determined as a function of Reynolds number. 
The wave drag of the conical nose is given by the calculations 
of Taylor and Maccoll (references 10 and 11). The frictional 
drag can be estimated using the low-speed laminar skin- 
friction coefficients, since the boundary layer was completely 
laminar over this model. A comparison of the corrected 
and uncorrected foredrag with the theoretical foredrag is 
shown in figure 6. The corrected foredrag coefficients are 
seen to be in good agreement with the theoretical values; 
whereas the uncorrected data fall below the wave drag at 
high tunnel pressures. This latter condition, of course, rep- 
resents an impossible situation for a body without boat t ailing. 

In order to check experimentally the validity of the correc- 
tions as applied to the measured base pressure, model 1 was 
tested on the side support at five different positions along the 
axis of the test section. Because the support system re- 
mained fixed relative to the body, the interference of the 
support is the same in each case, hence, any discrepancies in 
the measured base pressures at the various positions are 
attributable only to the pressure gradient along the tunnel 
axis. Figure 7 shows that the uncorrected base pressure 
data taken at the five different positions differ by about 
25 percent, but the corresponding five sets of corrected data 
fall within about ±1.5 percent of their mean, thus confirming 
the validity of the correction. 
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APPENDIX B 


PRECISION OF DATA 

The accuracy of the results presented can be estimated by 
considering the possible errors that are known to be involved 
in the measurement of the forces and pressures, and in the 
determination of the free-stream Mach number and gradient 
corrections. 

The force measurements are subject to errors from shifts 
in the balance zero due to temperature effects and also from 
a shift in the calibration constant. The zero shift, which is 
less than ± 1 percent of the force data at low pressures and 
less than ±0.2 percent at high pressures, was checked peri- 
odically by running the tunnel through the complete temper- 
ature range with no force applied to the balance. In the 
majority of cases the variation of the balance calibration 
constant, which was checked before and after each series of 
tests, permitted a possible deviation of ±0.3 percent in the 
force data. All data presented in figures 9 (b), 13, 14, and 
the data for models 4, 5, and 6 in figures 23 (a) and 29 (a) 
were obtained during a period between two consecutive 
balance calibrations for which the constant differed by 6.4 
percent. A comparison of the data obtained during this 
period with theoretical results and with the results of subse- 
quent reruns of some of the same models indicates that the 
change in balance calibration occurred before the data in 
question were obtained. The results in the afore-mentioned 
figures were therefore computed on the basis of the later 
calibration. It is estimated that the maximum error in 
the balance calibration constant for these results is at worst 
no greater than ±0.3 to —3.0 percent. 

The pressure data, including the dynamic pressure, are 
subject to small errors resulting from possible inexact read- 
ings of the mercury manometers. The base pressure data 
are also subject to an additional error resulting from the 
small variation in the specific gravity of the dibutyl phthalate 
indicating fluid. At the most, these sources can cause an 


error in the total and foredrag coefficients of about ±0.3 
percent, and in the base-drag coefficient of about ±0.8 per- 
cent. The error in dynamic pressure due to the uncertainty 
in the free-stream Mach number is negligible, since the isen- 
tropic relation for the dynamic pressure as a function of 
Mach number is near a maximum at a Mach number of 1 .5. 
For slender bodies of revolution the variation of the force 
coefficients with Mach number is quite small; hence, errors 
resulting from the variation of free-stream Mach number 
from 1.49 to 1.51 are negligible. 

On the basis of the data presented in figures 6 and 7, it is 
estimated that for all tunnel pressures the uncertainty in the 
gradient corrections to total drag, foredrag, and base pres- 
sure coefficients can cause at the most an error in these 
coefficients of ±0.004, ±0.004, and ±0.005, respectively. 
It should be noted that in the table on precision, presented 
in the section on results, this source of error, which is inde- 
pendent of tunnel pressure, is expressed as an increment 
and not as a percentage of the measured coefficient. 

Previous investigations have shown that an uncertainty 
may be introduced in supersonic wind-tunnel data if the 
humidity of the tunnel air is very high. To determine the 
effects of this variable in the present investigation, the 
specific humidity was varied from the lowest values (approx- 
imately 0.0001) to values approximately 20 times those 
normally encountered in the tests. Drag and base pressure 
measurements were taken on a body with a conical head and 
also on a sphere. The results showed no appreciable effect 
of humidity over a range much greater than that encountered 
in the present tests, provided the variation in test-section 
dynamic pressure with the change in humidity was taken 
into account in the reduction of the data. It is believed, 
therefore, that the precision of the results presented in this 
report is unaffected by humidity. 
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APPENDIX C 


EFFECT OF SUPPORT INTERFERENCE 

A knowledge of the effects of support interference upon 
the data in question is essential to an understanding of its 
applicability to free-flight conditions. Previous to the pres- 
ent investigation an extensive series of tests were conducted 
to determine the body shape and support combinations 
necessary to evaluate the support interference. 

In general, it was found that for the models tested in the 
smooth condition (laminar boundary layer) the effect of 
the rear supports used in the present investigation was 
negligible for the boattailed models 2 and 3 and was appre- 
ciable only in the base pressure measurements for model 1. 
For model 1, combinations of rear support and side support 
were used to evaluate the effect of the rear support on the 
base pressure. The evaluation was made on the assumption 
of no mutual interference between the rear support and 
side support and was checked by the use of two different 
combinations of side support and rear support. The data 
indicate that the assumption is justified within the limits 
of the experimental accuracy and that the corrected, inter- 
ference-free base pressures deduced b\ r this method differ 
only slightly from those measured with the side support alone. 

For the bodies with roughness added (producing a turbu- 
lent boundary layer) a complete investigation of the support 
interference was not made; consequently, a definite quan- 
titative evaluation of the interference effects for each body 
in this condition cannot be given. From the data that were 
obtained it has been found that the foredrag is not affected 
appreciably by the presence of the supports used in the 
present investigation, but that a small amount of interference 
is evident in the base pressure coefficient which may vary 
from a minimum of ±0.005 to a maximum of ±0.015 for 
the different bodies. This uncertainty in the base pressure 
coefficient results in a correspondingly small uncertainty 
in the base drag coefficient and in the total drag coefficient. 
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